Abstract Two series of new thermoplastic poly(thiourethane-urethane) elastomers (EPTURs), with different hardsegment content (40-60 wt%), were synthesized by a onestep melt polymerization from poly(oxytetramethylene) diol (PTMO) of M n = 1,000 g mol -1 or poly(hexamethylene carbonate) diol (PHCD) of M n = 860 g mol -1 as a soft segment, hexane-1,6-diyl diisocyanate and (methylenedi-1,4-phenylene)dimethanethiol as a chain extender at the NCO/(OH ? SH) molar ratio of 1. The structures of all the EPTURs were examined by Fourier transform infrared spectroscopy (FTIR), atomic force microscopy and X-ray diffraction analysis. Their thermal behavior was investigated by means of differential scanning calorimetry and thermogravimetric analysis (TG). For the chosen polymers the gaseous products evolved during the decomposition process were analyzed by TG-FTIR. Moreover, physicochemical, adhesive and tensile properties as well as Shore A/D hardness were determined. The resulting highmolecular-mass EPTURs were stable up to 254-262°C, as measured by the temperature of 1 % mass loss. They decomposed in three or four stages. The main decomposition products were carbonyl sulfide, isocyanate, carbon dioxide, aromatic hydrocarbons as well as aliphatic ethers and aldehydes (in PTMO series) and alcohols (in PHCD series). All the polymers showed partially crystalline structures, associated with crystallization of thiourethane hard segments. Their melting temperatures were in the range of 184-186°C. The PTMO series EPTURs exhibited better low-temperature properties (glass-transition temperature in the range of -64 to -44 vs. -26 to -22°C), but poorer tensile strengths (20-28 vs. 37-43 MPa). These EPTURs showed improved adhesive properties in comparison with their polyurethane analogs.
fuels, chemically stable ion-exchange membranes in electromembrane processes, as well as materials in biomedical applications. Poly(thiourethane)s, poly(thioester)s and poly(thiocarbonate)s have been synthesized and investigated mainly as potential plastics with high thermal and chemical resistance, as well as with high refractive index for optical applications (i.e., lenses and optical fibers) [1, [4] [5] [6] [7] .
The less studied group are elastomers containing thiourethane groups, i.e. poly(thiourethane)s and poly(thiourethane-urethane)s. The earliest papers only present the results of the thermal properties of poly(thiourethane) elastomers based on oligobutadiene dithiol, decane-1,10-dithiol and 4,4 0 -diphenylmethane diisocyanate [8] and the investigation on hardness and tensile properties of rubbery poly(thiourethane)s synthesized from a few glycol bisthioglycolates, 2,4-tolylene diisocyanate or 4,4 0 -diphenylmethane diisocyanate and castor oil tristhioglycolate as a crosslinking agent. The latter showed poor tensile properties [9] .
In the last decade only a few articles containing comprehensive studies on thermoplastic poly(thiourethane) elastomers [10] and poly(thiourethane-urethane) elastomers (EPTURs) [11] [12] [13] [14] , as well as crosslinked ones [15] , have been published.
Shin et al. [10] have reported new thermoplastic poly(thiourethane) elastomers based on newly obtained oligo(thioether-ester) dithiol, hexane-1,6-dithiol as a chain extender, and aliphatic and aromatic diisocyanates. They have concentrated on examining the effect of the length of hard and soft segment, the ratio of these segments, and chemical structure of the hard segment on microphase separation and thermal and mechanical properties. The polymers were characterized by glass-transition temperature (T g ) ranging from -57 to -23°C and tensile strength and elongation at break up to 30 MPa and 1,000 %, respectively.
Gorna et al. [11, 12] have synthesized biodegradable thermoplastic EPTURs with the potential for applications in medical implants from biologically active chain extender, i.e. 2,2 0 -oxydiethanethiol, biodegradable poly(e-caprolactone) diol of M n = 2,000 g mol -1 , and hexane-1,6-diyl diisocyanate (HDI) or isophorone diisocyanate. The polymer with HDI showed lower T g (-51 vs. -38°C) and tensile strength (about 22 vs. 31 MPa) and higher elongation at break (920 vs. 620 %). These polymers had molecular and mechanical properties comparable to those of commercial materials.
Thermoplastic EPTURs based on 2,2 0 -oxydiethanethiol, HDI and poly(e-caprolactone) diol were also studied by Eglin et al. [13] as biodegradable and biocompatible materials in potential use in tissue engineering for cartilage and bone repairs.
We have taken up studies on the synthesis and characterization of new thermoplastic EPTURs derived from aliphatic-aromatic dithiol chain extenders, in contrast to aliphatic dithiols with acceptable odor, and various commercial oligomer diols and diisocyanates. In our previous paper [14] , we describe two series of polymers (with hardsegment content of 22-69 wt%) obtained by melt polymerization from bis [4-(sulfanylmethyl) phenyl]methanone, HDI, and poly(oxytetramethylene) diol (PTMO) of M n = 1,000 g mol -1 or poly(hexamethylene carbonate) diol (PHCD) of M n = 860 g mol -1 as a soft segment. The PHCD yielded elastomers with significantly higher tensile strength (up to 33.0 vs. up to 21.4 MPa). Unfortunately, the PHCD-based polymers showed higher T g (down to -30°C vs. down to -68°C), less advantageous for elastomers. In both series, the polymers with high hard-segment content showed semicrystalline structures while the others remained amorphous.
Herein, we present related EPTURs obtained by using diphenylmethane-derivative chain extender, i.e. (methylenedi-1,4-phenylene)dimethanethiol (DT), which is easier to obtain and due to its lower melting temperature (T m ) more suitable for the synthesis of polyurethane elastomers by melt polymerization with aliphatic diisocyanates. Application of this chain extender that introduces diphenylmethane units with active methylene groups into polymer structure facilitates the cross-linking of these polymers by peroxide and thus improves their mechanical strength properties [16] . The present study concentrates on defining the structure and thermal properties of EPTURs. Moreover, basic physicochemical, mechanical and adhesive properties were determined.
Additionally, it includes a characterization of the newly obtained poly(thiourethane) (PTUR) based on DT and HDI, building the thiourethane hard segment in these EPTURs.
In order to facilitate the interpretation of the results, syntheses of polyurethanes not containing chain extender DT (PTMO ? HDI and PHCD ? HDI) were also carried out, and their thermal and mechanical properties determined.
Experimental
Materials DT (m.p. = 81-82°C after recrystallization from ethanol) was obtained from suitable bis(chloromethyl)-compound through the thiouronic salt [17] . PTMO of M n = 1,000 g mol -1 and PHCD of M n = 860 g mol
were purchased from Sigma-Aldrich (St. Louis, USA).
Before being used, the PTMO and PHCD were heated at 90°C in vacuo for 10 h, while HDI and dibutyltin dilaurate (DBTDL) from Merck-Schuchardt (Hohenbrunn, Germany) were used as received. The polymerization solvent, N,N-dimethylformamide, with water content of less than 0.02 % was purchased from Merck (Darmstadt, Germany) and used as received. The solvent was stored over activated 3-4 Å molecular sieves.
Measurements
Reduced viscosities (g red s, dL g -1 ) of 0.5 % polymer solution in a phenol (Ph)/1,1,2,2-tetrachloroethane (TChE) (Ph/TChE) mixture with a mass ratio of 1:3 were measured in an Ubbelohde viscometer (Poland) at 25°C.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were obtained with a Nicolet 8700 FTIR spectrometer (Thermo Scientific, USA) using thin films.
Elemental analysis was performed with a Perkin-Elmer CHN 2400 analyzer (USA).
Thermogravimetric analysis (TG) was carried out with a Netzsch STA 449 F1 Jupiter thermal analyzer (Germany) in the range of 40-800°C in helium (flow = 20 mL min -1 ), at the heating rate of 10°C min -1 . Sample masses about 10 mg were used. The composition of the gas evolved during the decomposition process was analyzed by a Bruker Tensor 27 FTIR spectrometer (Germany) coupled online to a Netzsch STA instrument by Teflon transfer line with 2 mm diameter heated to 200°C. The FTIR spectra were recorded in the spectral range of 600-4,000 cm -1 with 16 scans per spectrum at 4 cm -1 resolution. Differential scanning calorimetry (DSC) thermograms were obtained with a Netzsch 204 calorimeter (Germany) in the range of -100 to 200-250°C. The reported transitions were taken from first and second heating scans. The scans were performed at the heating/cooling rate of 10°C min -1 under nitrogen atmosphere (flow = 30 mL min -1 ). Sample masses of about 10 mg were used. T g s for the polymer samples were taken as the inflection point on the curves of the heat-capacity changes. T m s were read at endothermic-peak maxima.
X-ray diffraction (XRD) measurements were performed using a DRON-3 X-ray apparatus (Russia) with a copper tube and nickel filter. The XRD patterns of the investigated samples were obtained by measuring the number of impulses within a given angle over 6 s. The measurements were taken every 0.04°. The XRD patterns were analyzed by WAXSFIT computer program [18] . The program resolves a diffraction curve on diffraction peaks and amorphous halo which allows to estimate the degree of crystallinity. As crystalline peaks are assumed those whose full width at half-maximum (FWHM) is contained in the range of 0.7-1.4°.
Atomic force microscopy (AFM) was carried out on a Nanoscope V (VEECO, USA) microscope, in tapping mode in air. The phase data were recorded simultaneously. Silicon probes that were used (NSG30, NT-MDT, Russia) had a nominal spring constant of 20-100 N m . In order to compare the structure of all investigated samples, the imaging parameters were kept constant. Medium tapping technique was used to obtain phase images at 1 lm scan size. The specimens used were the cuttings from crude polymers after one-month conditioning at room temperature.
The hardness of the EPTURs was measured by the Shore A/D method on a Zwick 7206/H04 hardness tester (Germany) at 23°C; and values were taken after 15 s.
Tensile testing was performed on a Zwick/Roell Z010 (Germany) tensile-testing machine according to Polish Standard PN-81/C-89034 (EN ISO Standard 527-1:1996 and 527-2:1996) at the speed of 100 mm min -1 at 23°C; tensile test pieces 1 mm thick and 6 mm wide (for the section measured) were cut from the pressed sheet.
Press moulding was done with a Carver hydraulic press (USA) at 120-160°C under 10-30 MPa pressure.
The single lap shear strength of the polymers to copper plate, 100 9 25 9 1.5 mm 3 , was measured in accordance with Polish Standard PN-EN 1465:2009 by using a Zwick/ Roell Z010 (Germany). The adhesive joint, 12.5 9 25 9 0.2 mm , was prepared by pressing the polymer between the ends of two copper plates at 135-155°C (prepared according to PN-EN-13887:2005), and then leaving them under a pressure of 30 MPa to cool to room temperature. Next, the plates were fixed by tensile-testing machine clips and underwent tensile testing, the speed of 2 mm min -1 at 23°C.
Polymer synthesis

EPTURs
The EPTURs, with the hard-segment content of *40, 50 and 60 wt% were prepared by a one-step melt polymerization process from HDI, DT and PTMO or PHCD at the NCO/(OH ? SH) molar ratio of 1. The general procedure for the synthesis of the EPTURs by this method was as follows. DT and PTMO or DT and PHCD (0.01 mol together) and HDI (0.01 mol) were heated with stirring under dry nitrogen to 90°C in an oil bath. A catalytic amount of DBTDL was added to the formed clear melt and polymerization rapidly began at vigorous stirring. The reaction temperature was gradually raised to 130°C and the formed white rubber-like product was additionally heated at this temperature for 2 h.
The same conditions were also applied to the syntheses of polyurethanes obtained without using a chain extender (PTMO ? HDI and PHCD ? HDI). 
Results and discussion
Polymer synthesis and characterization
The new thermoplastic PTUR, synthesized by a stepgrowth polymerization of aliphatic-aromatic dithiol DT with HDI, was white solid, showing high resistance to organic solvents. It was insoluble in common organic solvents, such as N,N-dimethylformamide, tetrahydrofuran, dimethyl sulfoxide, N,N-dimethylacetamide, N-methyl-2-pyrrolidone, TChE as well as in a Ph/TChE mixture.
The related thermoplastic EPTURs were prepared in one-step process, according to Scheme 1, from DT and HDI, which formed thiourethane hard segments, and PTMO or PHCD building soft segments.
The EPTURs were white materials, which similarly as PTUR showed high resistance to organic solvents. They were completely or partially soluble only in a Ph/TChE mixture. The g red values determined for the EPTURs, ranging from 2.10 to 4.04 dL g -1 , point to their high molecular mass. Table 1 gives designations and g red values for the EPTURs.
The chemical structures of the polymers were confirmed by elemental analysis and/or ATR-FTIR.
The ATR-FTIR spectrum of the PTUR (see Fig. 1 ) shows significant absorption of the thiourethane group. There are two absorption bands of the carbonyl group at 1,633 and 1,657 cm -1 (much less intensive) corresponding to stretching vibration of H-bonded and nonbonded C=O group, and bands at 3,281 and 1,510 cm -1 corresponding to N-H stretching and N-H bending vibrations. The spectra of the EPTURs exhibit several carbonyl bands, owing to the presence of thiourethane and urethane linkages in polymer structure, and in the case of the EPTURs derived from PHCD, also carbonate linkages. From the comparison of the spectra received for PTUR and EPTURs it follows that bands at 1,637-1,633 and 1,660-1,659 cm -1 are related to the H-bonded and nonbonded C=O stretching of the thiourethane group, and those at 1,687-1,680 and 1,720-1,715 cm -1 can be ascribed to H-bonded and nonbonded C=O stretching of the urethane group. In the spectra of PHCD-based EPTURs the band at about 1,715 cm -1 can also be ascribed to H-bonded C=O stretching of the carbonate group, whilst the band at 1,740-1,738 cm -1 originates from nonbonded C=O stretching of the carbonate group [19] . Moreover, in all spectra one band at 3,313-3,275 cm -1 connected with N-H stretching vibrations of thioure thane and urethane groups can also be observed, as well as two weakly separated bands at 1,513-1,511 and 1,525-1,523 cm -1 which can be associated with N-H bending vibrations of thiourethane and urethane group, respectively. Figure 1 , for example, shows the spectra of polymers A-50 and B-50.
Thermal properties
The thermal behaviour of the PTUR and all EPTURs was investigated by means of DSC and TG. The numerical DSC and TG data obtained are summarized in Tables 2 and 3 , respectively. The DSC curves of all the polymers are presented in Fig. 2 , while thermogravimetric (TG) and differential TG (DTG) curves of the selected polymers are given in Figs. 3 and 4 . For the purpose of comparison Tables 2 and 3 and Figs. 2 and 3 also contain data received for polyurethanes obtained without using a chain extender (PTMO ? HDI and PHCD ? HDI) as well as for polymer diols used as soft segments (PTMO and PHCD).
Moreover, for a better explanation of the process of decomposition of polymers through identification of the resulting volatile products, the TG coupled with Fourier transform infrared spectroscopy (TG-FTIR) was applied. The selected polymers were analyzed, i.e. PTUR and EPTURs A-50 and B-50. Figure 5 shows the FTIR spectra of decomposition products of polymers at the maximum rate of mass loss. New thermoplastic poly(thiourethane-urethane) elastomers 907
DSC
The DSC curves of the EPTURs (after one-month conditioning at room temperature) from the first heating scans have a similar shape, and show distinct (with the exception of polymer A-60) glass transition of the soft segment in the range of -64 to -44°C (from PTMO) and -26 to -22°C (from PHCD), and one relatively sharp endothermic peak at 184-186°C associated with the melting of thiourethane hard segments. High T m of those hard segments, close to that of PTUR and independent of their content, as well as high heat of melting (DH) values, point to the forming of well ordered thiourethane hard segment domains. Indistinct transitions, observed in the range of *40-100°C, may be connected both with the melting of low ordered hard In contrast, the DSC curves from the second heating scans do not reveal crystallization on cooling from the melt at the applied cooling rate (10°C/min) combined with absence of a long period of polymer conditioning at room temperature. And so the curves of the PTMO series EPTURs exhibit glass transition with high DC p values typical of amorphous polymers (-51 to -23°C) and exothermic peaks at 46-86°C resulting from ''cold'' crystallization of the thiourethane hard segments followed by endothermic peaks at 152-166°C that correspond to their melting. It needs stressing that the enthalpy change for crystallization peaks and melting peaks are very similar; this also confirms that crystalline phase on cooling did not take place. In the case of the PHCD series EPTURs on the DSC curves only glass transition (-13 to 5°C) is observed, this showing their lesser ability to crystallize on heating in comparison with the EPTURs of PTMO series. An increase in the mutual miscibility of the soft and hard segments during the first heating caused a shift of the glass transition to higher temperatures in both series of the EPTURs.
For both series of the EPTURs in both heating scans, a decrease in hard segment content resulted in a decrease in T g of the soft segment, suggesting an increase of the degree of microphase separation.
When the T g of the EPTURs and the respective soft segments were compared, it could be concluded that the PHCD-based EPTURs showed considerably lower degree of microphase separation. This may follow from lower molar mass of PHCD than PTMO soft segment, which with the same hard-segment content results in the PHCD-based polymers in higher fraction of HDI units not associated with DT, dispersed in the soft segment matrix [20] . It could also be the result of a stronger interaction of hard-segment thiourethane groups with carbonate groups of oligocarbonate chains than with oligoether chains of ether groups. On the other hand, the emergence of well separated thiourethane hard segment domains in polymers of both series indicates that the first parameter is crucial.
The newly obtained PHCD-based EPTURs showed significantly lower T g of the soft segment and hence better microphase separation than the analogous poly(thiourethaneurethane)s based on bis[4-(sulfanylmethyl)phenyl]methanone, already described by us [14] . It resulted from a smaller degree of compatibility between polycarbonate soft segments and hard segments formed from diphenylmethane-derivative compared with those from benzophenone-derivative chain extender. In the case of the PTMO-based polymers no significant effect of the kind of the chain extender used was observed on microphase separation. New thermoplastic poly(thiourethane-urethane) elastomers 909 TG PTUR decomposition was a two-stage process, whereas the decomposition of the EPTURs occurred in three (for those from PTMO) or four stages (for those from PHCD). The DTG curve of the PTUR shows one large intense peak with maximum at 299°C, connected with thiourethane bonds decomposition (as confirmed in TG-FTIR analysis, described below), and a significantly smaller and broader one at 417°C, associated with the decomposition of the aromatic content in the polymer [21] . Comparison with the DTG curves of the PTUR and polymer diols suggests that in the case of the EPTURs the first stage (peak at 304-307°C) can be ascribed to the decomposition of the thiourethane bonds and the second stage-the urethane bonds (weakly visible peak at 332-338°C or as shoulder at 339-341°C for the PTMO-or PHCD-based EPTURs, respectively). In the case of the PHCD-based EPTURs, the third stage (peak at 350-353°C) is connected with the decomposition of the soft segment, whereas the forth stage (peak at 452°C) is associated with the aromatic content in the polymer. For the PTMO-based EPTURs the forth stage is not observed, because the decomposition of this soft segment occurs in a temperature range similar to that of the aromatic content; hence the DTG curves show one broad peak instead of two (at 402-406°C).
As can be seen from the TG data in Table 3 , the EPTURs were characterized by better thermal stability as compared to the PTUR. The increase of hard-segment content in the EPTURs caused some reduction in T 5 , T 10 , and T 50 . The polymers derived from PTMO generally showed somewhat higher T 1 , T 5 , T 10 and significantly much higher T 50 than those derived from PHCD. The reason for this is better stability of PTMO soft segment than that of PHCD soft segment.
TG-FTIR
The FTIR spectrum recorded during the first decomposition stage (299°C) for the PTUR (Fig. 5 ) exhibits a very strong double absorption band at 2,071 and 2,047 cm -1 , characteristic of asymmetric and symmetric C=O stretching vibration, and a weak band at 867 cm -1 , attributed to C-S stretching vibration, in carbonyl sulfide [22] [23] [24] [25] [26] . This provides evidence that the decomposition of the PTUR occurred with the elimination of carbonyl sulfide, according to the following reaction:
On the other hand, the presence of a band at 2,280 cm linkage to an aliphatic isocyanate and an aliphaticaromatic thiol:
The appearance of bands at 2,359-2,309 and 669 cm -1 points to the formation of carbon dioxide probably as the result of partial carbodiimidization of isocyanate. Moreover, the spectrum shows bands originating from aromatic hydrocarbons (toluene and xylene), i.e. at 3,105-3,082 cm -1 (C-H stretching vibration of benzene ring), at 1,507 cm -1 (C=C stretching vibration of benzene ring), at 1,064-1,033 cm -1 (C-H in-plane deformation vibration of monosubstituted benzene) and at 844 cm -1 (C-H bending vibration of p-disubstituted benzene derivatives). The evolution of these hydrocarbons results from the decomposition of the formed thiol and secondary amine. Bands at 1,541 and 1,523 cm -1 are a sign of the presence of carbon disulfide (asymmetric and symmetric C=S stretching vibration) [22] [23] [24] [25] [26] , which can be generated in the reaction of carbonyl sulfide with HS radical derived from the thiol decomposition. The existence of isocyanate and hydrocarbons confirm bands at 2,929-2,890 cm -1 associated with asymmetric and symmetric C-H stretching vibration of methylene and methyl groups and a band at 1,374 cm -1 related to symmetric CH 3 -bending vibration from methyl derivatives of benzene and symmetric N=C=O stretching vibration.
The intensity of bands originating from carbonyl sulfide and those from isocyanate and carbon dioxide shows that the PTUR decomposition mainly occurred as proposed in reaction 1 above.
In the case of EPTUR A-50 (see Fig. 5 ), the first stage (306°C) was characterized by the decomposition of the thiourethane hard segment, which is confirmed by evolution of the same products as for the PTUR (carbonyl sulfide, isocyanate, carbon dioxide, aromatic hydrocarbons, carbon disulfide). In the spectra recorded during the second stage (336°C) bands originating from carbonyl sulfide (but of clearly lower intensity), isocyante and carbon dioxide (of slightly higher intensity) are still observed. The two former bands do not appear in the spectrum of the third stage. This fact means that in the second stage there was the termination of the decomposition of thiourethane linkages with simultaneous decomposition of urethane linkages. Because of the lack of bands characteristic of amine groups, it is reasonable to assume that urethane linkages decomposed as a result of dissociation to isocyanate (a volatile product) and polymeric alcohol, i.e. PTMO [27] . Thus, at the third stage (406°C), mainly the decomposition of the PTMO soft segment took place, and the volatile products of its decomposition were aliphatic ethers, aldehydes and carbon monoxide. The same compounds have been identified by other authors in segmented polyurethanes with the PTMO soft segment and conventional hard segments [28, 29] . The presence of aldehydes was indicated by bands at 2,820 and 2,717 cm -1 connected with C-H stretching vibration, at 1,748-1,734 cm -1 related to C=O stretching vibration and at 950 cm -1 associated with C-H bending vibration of aldehyde group, while the release of ethers was evidenced by a band at 1,122 cm -1 connected with C-O stretching vibration of the ether group. Aliphatic character of these compounds was confirmed by bands at 2,966-2,875 cm -1 attributed to C-H stretching vibration of methylene and methyl groups. The existence of carbon monoxide was detected as a band at 2,186 cm -1 . Moreover, the spectrum exhibits bands at 2,359-2,310 and 669 cm -1 corresponding to carbon dioxide and bands at 1508, 1457, 1374 and 689 cm -1 pointing to the presence of aromatic hydrocarbons, which may be formed due to the decomposition of the nonvolatile products obtained at the first and second stages of decomposition.
In the case of EPTUR B-50, the FTIR spectra obtained at the first, second and third stages (305-350°C) show the bands attributed to the decomposition products of thiourethane and urethane linkages, noticed earlier for polymer A-50. At the third stage (see Fig. 5 ) there were evident additional bands at 1,054 and 3,677-3,594 cm -1 connected with C-O stretching vibration and O-H stretching vibration from alcohols; also, there was a rise in the intensity of bands at 2939-2,876 and 2,359-2,310 cm -1 . This is indicative of the fact that at this stage the decomposition of the PHCD soft segment took place, accompanied by the evolution of aliphatic alcohols and carbon dioxide.
XRD analysis DSC analysis indicated a relatively high degree of ordering in the PTUR and EPTURs. To determine the kind of ordering in these polymers XRD studies were done. The analysis of the XRD patterns by the WAXSFIT program showed that all the polymers had partially crystalline structures. The degrees of crystallinity (calculated as the ratio of the sum of crystalline to the total sum of crystalline and amorphous peak areas), given in Table 1 , increased with the increase of hard-segment content in a polymer. The diffraction data also showed that crystallinity phase existing in the EPTURs was formed within thiourethane hard segments. This is evidenced by the fact that in the plots of the EPTURs were present only the same crystalline peaks (at 2h *8.0, 19.4, 20.5, 22.6, 25.3°) as those observed in the PTUR plot. Figure 6 presents the plots received for the PTUR and selected EPTURs, while Table 4 gives equivalent numerical data. The results obtained by XRD and DSC methods show good correlation (see discussion in DSC subchapter).
AFM
To confirm the existence of microphase-separated morphology of the EPTURs, indirectly deduced from DSC results, tapping mode AFM experiments were performed.
Tapping mode AFM generates phase images with dark features corresponding to the regions of lower modulus (softsegment-rich domains) and bright features corresponding to regions of higher modulus (hard-segment-rich domains). The obtained phase images of all the EPTURs are given in Fig. 7 . 48  46  44  42  40  38  36  34  32  30  28  26  24  22  20  18  16  14  12  10  8  6 Intensity (imp/6sec) 48  46  44  42  40  38  36  34  32  30  28  26  24  22  20  18  16  14  12  10  8  6   Intensity (imp/6sec)   4400  4200  4000  3800  3600  3400  3200  3000  2800  2600  2400  2200  2000  1800  1600  1400  1200  1000  800  600  400 These data exhibit heterogeneous bulk morphology in the polymers examined, although there are some differences in the appearance of the images obtained, both within each series of polymers, and between the PTMO and PHCD series. In the PTMO series for EPTURs A-40 and A-50 there are observed bright, filament-like features upon a dark area, which are shorter and wider for the EPTUR with higher hard-segment content. These structures correspond to linearly linked hard-segment domains and show a tendency toward parallel orientation. On the image for EPTUR A-60 the area associated with hard-segment domains increases and the difference between soft and hard phases is less pronounced which points to greater degree of phase mixing.
For the EPTURs based on PHCD smaller diversity in the appearance of the obtained phase images is observed when compared with those based on PTMO. This may be due to higher stiffness of polycarbonate than polyether chains, and hence smaller difference in stiffness between soft and hard segment chains, and a greater degree of phase mixing. This correlates with the results of DSC analysis which showed T g values in PHCD series higher and almost the same for all polymers.
Mechanical properties
Shore A/D hardness and tensile properties were determined for all the EPTURs and polyurethanes obtained without using a chain extender (PTMO ? HDI and PHCO ? HDI). Pressing temperatures and numerical data are shown in Table 5 .
As is evident from the data presented in Table 5 , the PHCD-based EPTURs showed significantly higher tensile strength (36.8-42.6 vs. 20.4-28.0 MPa) than those based on PTMO, with smaller differences in elongation at break (278-532 vs. 203-654 %). Moreover, these former polymers were characterized by somewhat higher modulus of elasticity (32.2-83.9 vs. 30.9-72.0 MPa) and slightly higher hardness in relation to the latter ones.
In the PTMO series, the increase in hard-segment content resulted in a decreased tensile strength, may be attributed to the increasing degree of phase mixing. For the PHCD-based EPTURs showing greater degree of phase mixing this above parameter is less significant, and the decrease in the tensile strength was observed for the polymer with 60 wt% hard-segment content. Moreover, in both series of EPTURs as the hard-segment content increased hardness and modulus of elasticity increased, while elongation at break decreased.
All the EPTURs exhibited a much higher tensile strength as compared to the polyurethanes prepared without using a chain extender. Their tensile strength was also improved in relation to poly(thiourethane-urethane)s obtained from bis [4-(sulfanylmethyl) phenyl]methanone as a chain extender [14] .
Adhesive properties
The effect of introduction of sulfur atoms to polyurethane chain was investigated by comparing the lap shear strengths to copper between the synthesized EPTURs and their oxygen analogs obtained from (methylenedi-1,4-phenylene)dimethanol as a chain extender. For these studies the polymers with hardsegment content of 50 wt% were chosen. As seen from the data given in Fig. 8 , partial replacement of urethane linkages by thiourethane linkages caused about 20 % increase of the adhesive strength on copperpolymer junction.
Conclusions
High molecular mass EPTURs with hard-segment content of 40-60 wt% were prepared by one-step melt polymerization from HDI, (methylenedi-1,4-phenylene)dimethanethiol (DT) as a chain extender and PTMO or PHCD as soft segments. All the polymers showed partially crystalline structures, associated with crystallization of thiourethane hard segments. T m s of these hard segments were in the range of 184-186°C. The use of PHCD produced polymers with significantly higher tensile strengths (36.8-42.6 vs. 20.4-28.0 MPa) and unfortunately higher T g s (-26 to -22 vs. -64 to -44°C), which to some extent limits the possibility of applications of these polymers as elastomers within negative temperatures. The TG results showed that the kind of the polymer diol used had no significant influence on thermal stability of the EPTURs whose temperatures of 1, 5 and 10 % mass loss were similar. For both types of polymers the decomposition was a multistage process, in three stages for those from PTMO or four stages for those from PHCD. The decomposition of the hard segment was mostly accompanied by the evolution of carbonyl sulfide, isocyanate, carbon dioxide and aromatic hydrocarbons, the PTMO soft segment decomposed into aldehydes and aliphatic ethers, while the PHCD soft segment into carbon dioxide and alcohols. In both series of the EPTURs, decreased hard-segment content resulted in decreased degree of crystallinity, T g of the soft segment, hardness and modulus of elasticity, as well as in the increased tensile strength and elongation at break. The studies of adhesive properties undertaken by us showed that the introduction of sulfur atoms to polyurethane chain caused somewhat improved adhesive strength of the copper-polymer interface.
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